Heart failure is a common consequence of CKD, and it portends high risk for mortality. However, among patients without known heart failure, the associations of different stages of estimated GFR (eGFR) with changes in cardiac structure and function are not well described. Here, we performed a cross-sectional analysis to study these associations among 3487 participants of the Chronic Renal Insufficiency Cohort Study. We estimated GFR using cystatin C. The prevalence of left ventricular hypertrophy (LVH) assessed by echocardiography was 32%, 48%, 57%, and 75% for eGFR categories $60, 45-59, 30-44, and ,30 ml/ min per 1.73 m 2 , respectively. In fully adjusted multivariable analyses, subjects with eGFR levels of ,30 ml/ min per 1.73 m 2 had twofold higher odds of LVH (OR=2.20, 95% CI=1.40-3.40; P,0.001) relative to subjects with eGFR$60 ml/min per 1.73 m 2 . This reduction in kidney function also significantly associated with abnormal LV geometry but not diastolic or systolic dysfunction. An eGFR of 30-44 ml/min per 1.73 m 2 also significantly associated with LVH and abnormal LV geometry compared with eGFR$60 ml/min per 1.73 m 2 . In summary, in this large CKD cohort, reduced kidney function associated with abnormal cardiac structure. We did not detect significant associations between kidney function and systolic or diastolic function after adjusting for potential confounding variables.
handling. 7 Among patients without HF, kidney function has been linked with structural cardiac changes, including left ventricular hypertrophy (LVH). 8, 9 Previous studies have evaluated the association of kidney function with LVH in patients with advanced disease approaching and requiring dialysis 10, 11 as well as patients with earlier stages of disease 8 ; LVH has been reported in over one-third of persons with CKD. 9 Diastolic dysfunction has also been studied in small cohorts of CKD patients. 12, 13 However, no study has characterized the associations of different stages of estimated GFR (eGFR) with the range of changes in cardiac structure and function in a large cohort of patients with established CKD. This study is an important first step in testing the hypothesis that cardiac structural changes are a key factor in the pathogenesis leading from reduced kidney function to accelerating HF risk. We hypothesize that subclinical cardiac changes start in the early stages of CKD and that this association strengthens with more advanced kidney disease.
In the Chronic Renal Insufficiency Cohort (CRIC) Study, we conducted a cross-sectional analysis of echocardiogram findings among subjects with established CKD and no known HF. Our primary objective was to characterize and compare the associations of kidney function with LV mass, LVH, LV geometry, diastolic dysfunction, and systolic dysfunction using measurements of eGFR by both cystatin C (eGFRcys) and creatinine (eGFRcr).
RESULTS

Participant Characteristics
Among the 3487 participants with serum cystatin C measurements and without HF, mean age was 59611 years; 45% of the cohort were women, and 40% were black (Table 1 ). Mean 6 SD eGFRcys was 50620 ml/min per 1.73 m 2 , and mean eGFRcr Figure 1 and Supplemental Figure 1 ). Demographically adjusted linear regression models revealed a strong association of all categories of eGFR and LV mass ( Table 2) . After adjusting for confounders, the association was attenuated by approximately 33% in the eGFRcys,30 category, 44% in the eGFRcys=30-44 category, and lost significance in the eGFRcys=45-59 category ( Table 2) . After full adjustment, including mediators such as anemia and hypertension and markers of mineral metabolism, there remained a significant strong association between eGFRcys,30 ml/min per 1.73 m 2 and LV mass/height 2.7 . Overall, there was a high prevalence of LVH (50% for total cohort, with 32%, 49%, 57%, and 75% in each category from highest to lowest kidney function). In a demographically adjusted model, associations of eGFRcys with LVH were significant at all levels of kidney function, with fivefold odds for the lowest eGFR group ( In this cohort, 21% of patients had normal LV geometry, 30% of patients had concentric remodeling, 13% of patients had eccentric hypertrophy, and 36% of patients had concentric hypertrophy. The lowest category of eGFR had the most concentric hypertrophy (Figure 2 ). Similar to the LVH findings, there was a significant association of all levels of kidney function with abnormal LV geometry after demographic adjustment ( Table 2) . After multivariable analysis, associations of all eGFRcys categories with abnormal LV geometry were significant, and after full adjustment, eGFRcys=30-44 and ,30 ml/min per 1.73 m 2 remained associated with a 1.4-fold and 2.2-fold odds of abnormal LV geometry, respectively.
Kidney Function and Functional Heart Abnormalities
Diastolic function was normal in only 29% of the total cohort (with a distribution of 38%, 25%, 26%, and 23% of participants with eGFR$60, 45-59, 30-44, and ,30 ml/min per 1.73 m 2 , respectively) ( Figure 3 ). The majority of the cohort had mildly abnormal diastolic relaxation (62%), with a minority categorized as moderately (8%) or severely abnormal (1%). LVH was correlated with diastolic dysfunction and systolic dysfunction, but diastolic dysfunction and systolic dysfunction were not correlated. Because the Brant test (postordinal logit model test) showed that the proportional odds assumption was violated, we examined the association between eGFR and dichotomized diastolic dysfunction. All levels of eGFR were associated with LV diastolic dysfunction after demographic adjustment (Table 3) . After multivariable adjustment, there was a significant association in the category of 45-59 only. After full adjustment, we found significantly increased odds (1.5-fold) of diastolic dysfunction in the lowest category of eGFR that was attenuated by adjustment for parathyroid hormone (PTH), which was the only marker of mineral metabolism to enter into the model. A sensitivity analysis comparing the overall cohort to those patients excluded from the cohort because of missing diastolic function measurements showed no difference between these groups.
Systolic dysfunction (defined as ejection fraction [EF],45%) was present in 8% of the cohort. The majority (82%) had an EF.50%; only 10% of patients had EF=46%-50%, 6% of patients had 36%-45%, and 2% had #35%. There was no association between kidney function and systolic dysfunction in demographic, multivariate, or fully adjusted models.
Kidney Function by Serum Creatinine
The associations between categories of eGFR measured by serum creatinine and cardiac structural changes were weaker in both demographic and multivariable-adjusted models (Supplemental Table 1 ). Demographically adjusted relationships remained significant between eGFRcr,30 ml/min per 1.73 m 2 and LV mass, LVH, and LV geometry. Adjusted models were significant for associations between eGFRcr,30 ml/min per 1.73 m 2 and LVH and abnormal LV geometry, but they were attenuated by additional adjustment for mineral metabolism.
There were no independent associations for diastolic dysfunction after multivariable analysis (Supplemental Table 2 ).
DISCUSSION
CKD is a major risk factor for the development of HF. 14, 15 Prevalence of LVH in CKD patients has previously been reported to range from 40% to 78%, and it reaches 75% at the time of initiation of dialysis. 8, 16 Among individuals with CKD and without clinical HF, we found an overall prevalence of LVH of 50% ranging from 32% in those patients with eGFRcys$60 ml/min per 1.73 m 2 to 75% in those patients with eGFRcys,30 ml/min per 1.73 m 2 . There was a strong association between kidney function and LV mass adjusting for demographic characteristics including age, sex, and race, with greater strength of association at lower levels of kidney function. An eGFRcys,30 ml/min per 1.73 m 2 was strongly associated with higher LV mass, increased LVH, and abnormal LV geometry. These relationships were attenuated by adjustment for comorbid conditions, including diabetes and hypertension, and mediators, such as anemia, albuminuria, and markers of mineral metabolism, but the findings remained strong and independent. In contrast, the association with diastolic dysfunction is strongest in the lowest category of eGFRcys but does not follow a graded pattern. Similar to previous smaller studies, reduced kidney function was not significantly associated with reduced systolic function. 17 Thus, our findings provide a comprehensive survey of cardiac structural and functional abnormalities across a range of eGFR in a large cohort of CKD patients and reveal that abnormalities in LV structure but not function precede the onset of clinical HF.
The high prevalence of abnormalities of LV mass and geometry in CKD patients without HF is striking. Although we observed associations between eGFR,30 and higher LV mass and between eGFR categories 30-44 and ,30 and abnormal LV geometry, this risk threshold would likely be higher if we had a healthy, age-matched control group. These changes may be the critical precursors of clinical HF, because CKD patients are more likely to have HF in the absence of decreased LVEF. 18 We observed only a minimal association between kidney function and diastolic dysfunction, which was surprising in light of the fact that this pattern is most likely the predominant pattern of HF in CKD. However, the high prevalence of mild diastolic dysfunction in this cohort may have impeded our ability to detect graded associations. The absence of associations with systolic dysfunction was not surprising given the exclusion of patients with clinical HF by design and the presence of systolic dysfunction in only 8% of the cohort.
Our findings were more significant when eGFR was measured by cystatin C than serum creatinine. This finding suggests that cystatin C may distinguish kidney function stages better than creatinine and allow for detection of associations between more subtle gradations in kidney function and subclinical cardiac structural and functional changes. 19 Our analyses were based on creatinine values from year 1, which would be expected to have a stronger association with echocardiographic findings performed concurrently at year 1. However, the range of eGFR spanned by cystatin C measurement is larger than the range of eGFR estimated by creatinine, which may also facilitate the increased strength of associations of kidney function defined by eGFRcys. Entry into CRIC was determined by Modification of Diet in Renal Disease (MDRD) -calculated eGFR from serum creatinine, which constrains its range of values. Thus, the design of CRIC may have inadvertently biased our analyses in favor of cystatin C having a stronger association with these outcomes than creatinine. This study has multiple strengths, including a large sample size and representation across different stages of CKD. Compared with previous studies, our study also includes a high percentage of black individuals (40%) and persons with diabetes. Our findings complement the findings of other studies within CRIC, in which a large prevalence of LVH was observed, 20 and offer additional insight into the severity of cardiac disease with lower levels of kidney function. Our cross-sectional findings suggest that FGF-23 and other markers of mineral metabolism, including calcium, phosphorus, and PTH, are partly but not wholly responsible for this relationship. 21 Our study also has important limitations. The absence of a healthy control group impeded our finding associations for the intermediate eGFR categories by decreasing the gradient between abnormal and referent groups. In addition, the associations may differ between blacks and whites, but we were limited in power to further explore this association. Other limitations include some missing echocardiographic measurements, which did not seem to introduce systematic bias according to a sensitivity analysis. Some echocardiographic parameters that have become more widely used since the CRIC echo protocol was first developed (e.g., longitudinal strain) could not be evaluated because of cost restrictions, but these parameters are not readily applicable to general populations. In addition, alternative methods of assessment of LV abnormalities, such as cardiac magnetic resonance imaging, may be more accurate and cost-effective. Because this study is cross-sectional, causality and mechanistic pathways of HF pathogenesis could not be evaluated. As is common in cohort studies, duration of comorbid conditions, such as hypertension and diabetes, could not be ascertained. This consideration is important given the relationship between BP and LVH; 22 although we adjusted for baseline BP differences, treatment bias cannot be fully eliminated. Also, CRIC did not routinely biopsy participants, and the etiology of CKD is, thus, not confirmed pathologically, although this lack of confirmation is consistent with general clinical practice. Because patients with HF were excluded from our analysis, our findings with respect to systolic dysfunction may not be representative of the entire CKD population. Some individuals with undiagnosed HF may remain in the analysis, because inclusion in CRIC and additional exclusion by our study design were assessed by symptoms and self-report, which may be difficult to characterize in this population. 23 Finally, measurement of EF by echocardiogram may not fully characterize systolic function because of the intrinsic variability of EF, which relates to volume status and inotropic state. Future studies may consider performing additional assessments of systolic function on stored echocardiographic images. In a large cohort of patients with CKD and without clinical HF, we have established a remarkably high prevalence of structural cardiac abnormalities and diastolic dysfunction, which may represent the precursor structural abnormalities underlying the development of clinical HF in this population. In contrast, systolic dysfunction was far less common and not associated with eGFR. Future studies in CRIC will evaluate the extent to which each of these subclinical structural and functional abnormalities predicts the onset of clinical HF.
CONCISE METHODS
Subjects
The National Institute of Diabetes and Digestive and Kidney Diseases established CRIC in 2001 as an observational study to evaluate the determinants of progression to ESRD and cardiovascular disease among persons with CKD. 24 on MDRD creatinine-based eGFR. Exclusion criteria included prior transplantation, polycystic kidney disease, multiple myeloma, use of immunosuppression, and severe comorbid illnesses, such as cirrhosis, HIV disease, and severe (New York Heart Association class III or IV) HF. Of the 3939 participants in CRIC, we additionally excluded 443 patients, because they had HF at baseline by self-report of physician diagnosis. This exclusion was to further ensure that our population was free of HF at baseline. Comorbid conditions were defined at time of enrollment by medical history. 24 Assessments of heart structure and function were performed by echocardiography 1 year after enrollment according to the American Society of Echocardiography guidelines, 26 and the data were sent to a core echocardiography laboratory for measurement and analysis (University of Pennsylvania). Echocardiogram is an important method for assessment of cardiac mass and function in individuals with CKD. 21, 27, 28 Multiple reproducibility, inter-reader reliability, intrareader reliability, and reader drift analyses were performed throughout the course of this large-scale prospective cohort study on a 2% random sample of the entire cohort each year. The intraclass correlation coefficients (and k statistics) for the echocardiographic measures are LVH=0.759 (k=0.61), diastolic dysfunction=0.848 (k=0.75), and LV ejection fraction=0.854 (n/a).
Predictors
The primary predictor was kidney function determined using eGFR by cystatin C. Cystatin C was measured using a Siemens BNII nephelometer at the CRIC central laboratory with a coefficient of variation of 4.9%. An internal standardization was implemented to correct for drift over time when using different calibrator and reagent lots manufactured by Siemens. Specifically, all cystatin C values were calibrated to the combination of calibrator lot 51 and reagent lot 40. Serum creatinine measurements were performed in the CRIC central laboratory at the University of Pennsylvania on the Hitachi Vitros 950 AT (coefficient of variation=1.1%) and calibrated to the Cleveland Clinic Roche laboratory values, which are traceable to isotope dilution mass spectrometry. 29 eGFRcys was calculated by the CKD-Epi equation using baseline measurements of cystatin C with the equation GFR=76.73(cystatin C) 21.19 . 6 eGFRcr was determined using the year 1 measurements of serum creatinine with the abbreviated MDRD equation. 30 We used cystatin C as the primary predictor, because the range of kidney function captured by cystatin C is larger and thus, more suited to examining the range of change in cardiac function in this population. 31 Covariates included demographic variables (age, sex, race, and site), lifestyle factors (smoking, alcohol use, and illicit drug use), comorbid conditions (diabetes, coronary heart disease, stroke, hypertension, peripheral vascular disease, hyperlipidemia, and cardiovascular events), urine protein/creatinine ratio, hemoglobin, baseline Creactive protein (CRP), FGF-23, and BMI categories.
Outcomes
LVH and Geometry
LV mass was calculated using the area-length method and indexed to height 2.7 . 26 LVH was defined as LV mass/height 2.7 $47 g/m 2.7 in women and $50 g/m 2.7 in men. 32 This definition was chosen in contrast to left ventricular mass index (g/m 2 ) because of CRIC consensus. 33 Relative wall thickness (RWT) was calculated as two times posterior wall thickness/LV internal linear dimension in diastole.
RWT was considered to be increased if $0.45. LV mass and RWT were used to categorize LV geometry: normal (normal LV mass and normal RWT), concentric remodeling (normal LV mass and increased RWT), eccentric hypertrophy (increased LV mass and normal RWT), and concentric hypertrophy (increased LV mass and increased RWT).
LV Diastolic Function
Mitral inflow E-and A-wave velocities, E-wave deceleration time, and pulmonary venous reverse A-wave duration were used to categorize LV diastolic function into normal or mildly, moderately, or severely abnormal (corresponding to normal and grades 1, 2, and 3 diastolic dysfunction). 34 Because one center was unable to evaluate these parameters of diastolic function due to equipment limitations, these measures were unavailable in 564 participants. In addition, a small number of patients with atrial fibrillation (,1%) could not have measurements of diastolic function.
LV Systolic Function
LV end-diastolic and end-systolic volumes were calculated using the modified biplane method, and EF was calculated as (end-diastolic volume2end-systolic volume)/end-diastolic volume. LV systolic dysfunction was defined as an EF,45%. 35-38
Analyses
We first described the baseline characteristics of CRIC participants without prevalent HF across eGFRcys categories of $60, 45-59, 30-44, and ,30 ml/min per 1.73 m 2 . Continuous variables were analyzed by ANOVA and nonparametric methods for skewed variables; categorical variables were analyzed by the chi-squared test. Associations of kidney function categories with LV mass were assessed by multivariable linear regression. Because LVH and systolic dysfunction were dichotomized, we used multivariable logistic regression for these outcomes. Because the four categories of LV geometry were not clearly ranked in severity, we used multivariable nominal logistic regression and dichotomized the outcome between normal and concentric remodeling versus concentric and eccentric hypertrophy. We dichotomized diastolic dysfunction at normal versus mild, moderate, and severely abnormal, and we modeled these four levels of severity using ordered logistic regression and tested the proportional odds assumption using the Brant test.
For all regression models, candidate variables for multivariable analysis included the covariates listed previously; these covariates were evaluated using a stepwise selection procedure, with a P value=0.20 as the threshold for entry into the model and a P value=0.05 as criterion for retention (with demographic characteristics included in all models). We performed demographic adjustment (age, sex, race and site) and two sequential multivariable analyses for each outcome based on our assessment of the covariates' likelihood of being a confounder or mediator in the relationship between kidney and heart disease. Confounders were defined by their likelihood of preceding or contributing to the development of reduced kidney function and included hypertension, diabetes, history of cardiovascular events, peripheral vascular disease, BMI categories, LDL cholesterol, HDL cholesterol, serum albumin, high-sensitivity CRP, smoking, and cocaine use. The fully adjusted model included all of the above variables plus albuminuria and hemoglobin levels, which are likely to be either mediators of the relationship between kidney disease and cardiac function and structure or additional indicators of kidney disease severity. The final model included the above mediators and markers of mineral metabolism, including FGF-23, calcium, phosphorus, and PTH. Hemoglobin levels were categorized as .14.0, 13.1-14.0, 12.1-13.0, 11.1-12.0, and #11.0 g/dl. All associations were tested by both eGFRcys and eGFRcr. We adjusted for sites in all models. ACKNOWLEDGMENTS M.P. was supported by an American Heart Association Western Affiliates Fellowship Grant and is currently supported by National Institutes of Health National Research Service Award Grant F32 DK093231. C.-y.H. was partially funded by Grant K24 DK92291. This project was supported by Grant R01 DK066488 (to M.G.S.). In addition, we would like to acknowledge the Chronic Renal Insufficiency Cohort General Clinical Research Center and Clinical and Translational Science Awards: University of Pennsylvania Grant UL1 RR-024134, Johns Hopkins University Grant UL1 RR-025005, University of Maryland Grant M01 RR-16500, Case Western Reserve University Grant UL1 RR-024989, University of Michigan Grants M01 RR-000042 and UL1 RR-024986, and University of Illinois at Chicago Grant UL1 RR-029879.
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